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The authors demonstrate a method of texturing a meshed surface on a polydimethyl siloxane
PDMS film for improving light extraction. This meshed surface is fabricated through a casting
process by using a self-organized porous film as a template. Experimental results show that the light
outcoupling efficiency increases on the meshed surface of a freestanding PDMS film with large
incident angles. The external quantum efficiency of an organic light-emitting diode with the textured
PDMS film was also demonstrated to have an enhancement of 46%. © 2007 American Institute of
Physics. DOI: 10.1063/1.2709920
Luminance of light-emitting devices LEDs such as
semiconductor and organic light-emitting diodes OLEDs is
usually limited by the fraction of spontaneous emission
trapped inside the device. Due to this trapping effect, exter-
nal quantum efficiencies are only 2% for ordinary LEDs
Ref. 1 and 20% for OLEDs Ref. 2 although internal quan-
tum yields can be more than 90%.3 The distribution of the
trapped light is primarily determined by the index configu-
ration of multiple thin-film layers. According to Snell’s law,
high-index-contrast thin-film interfaces have small critical
angles of total internal reflection TIR, screening out most
of light with large incident angles. This trapped light, further-
more, is reabsorbed in the device and could turn into heat
that may impact the device performance.
Various attempts have been made to overcome this emis-
sion limitation. For the conventional OLEDs, the trapped
light is mainly distributed in the transparent substrate such as
glass and the electroluminescent EL layer. To reduce the
light guided in the EL layer, optimizing the layer thickness4
or inserting photonic crystal structures5 at the interface be-
tween the EL layer and the substrate has been presented. On
the other hand, texturing the substrate surface on the emis-
sion side is another approach to lessen the trapped light in
the bulk substrate. Yamasaki et al.6 employed an ordered
monolayer of silica microspheres on a substrate as a scatter-
ing medium. Moller and Forrest7 fabricated microlens arrays
to direct emitted light. Tsutsui et al.8 applied low-index silica
aerogel for replacing bulk glass substrate. Other techniques,
such as adding a nanoporous film9 and a diffusive layer,10
have been reported to improve light emission in OLEDs.
In analyzing light extraction of these textured surfaces,
the wavelength and angle dependencies are also important
issues. Chaotic surface morphology could be possible to
achieve a wide bandwidth and a wide emitting angle in that
disordered structures barely scatter light coherently. Wide
bandwidths and emitting angles are essential for lighting ap-
plication such as white LEDs. In this letter, we examine the
light outcoupling efficiency of a textured surface with disor-
dered, meshed structures. Figure 1 illustrates the schematic
diagram of optical ray trajectories in a thin film with and
without a mesh on the surface. Without a meshed surface, the
rays are trapped in the film in case the incident angle is larger
than the critical angle. However, as optical rays invade on
the textured surface, they are scattered by the mesh structure.
Thus, the original trapped light in the film can escape.
The meshed surface was fabricated through a casting
process of molding and demolding polydimethyl siloxane
PDMS into structures by using porous anodic aluminum
oxide AAO as templates. PDMS has been shown to be with
stable chemical properties and is easily synthesized. Addi-
tionally, it is transparent and the refractive index 1.45 is
close to glass index 1.5. This closeness results in low
Fresnel loss about 0.0287% as the light normally penetrates
from glass to PDMS. AAO templates are self-organized po-
rous films. The pore size typically ranges from tens of na-
nometers to 1 m, controlled by programmable process
conditions.11 The dimension of AAO templates can be ex-
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tended to centimeters which is favorable for large-area light-
ing applications. The details of the fabrication process are
described as follows. First, the precursors of PDMS were
mixed and heated in 80 °C for 1 h to increase the viscosity.
Before the cross-linking process completed, a commercial
AAO template from Whatman International Ltd. with a di-
ameter of 4.7 cm and a pore size of 200 nm was applied on
the surface of the precursors. These liquid-phase precursors
entered into the straight pores of AAO via capillary attrac-
tion. The heating process continued until the polymerization
finished. The PDMS nanowires were formed and embedded
inside the AAO pores. To remove the AAO template, the
sample was immersed in NaOH solution 5 wt %  for 2 h to
etch the aluminum oxide. After rinsing in de-ionized water,
the sample was dried in air. Figure 2 shows the fabricated
meshed surface on PDMS. The meshed structure is com-
posed of dense tangled microwires. The thickness of the
mesh was measured to be about 20 m. Although the PDMS
was molded into nanowires by the AAO template, the line-
width of the mesh was actually in the micrometer scale. Fig-
ure 3 explains the possible transformation mechanism. As the
AAO template was etched in strong alkali solution, water
molecules could diffuse into the polymer chains of PDMS
structures and the original nanowires expanded. Meanwhile,
contiguous nanowires were further entangled to form many
bundles. During the drying process, these bundles bent and
interlaced to form a mesh. Some agglomeration was ob-
served at the joints. It may have resulted from polymer reor-
ganization as the water-soaked nanowires contacted each
other. Via this developing process, the bottom of the mesh
forms a columnlike structure that would guide incident light
into the top mesh, which diffuses the light into air.
To examine the capability of extracting light from the
meshed surface, we launched a laser beam with various in-
cident angles and measured the optical transmission. The
PDMS sample was intentionally shaped into a half cylinder,
as illustrated in Fig. 4a. The flat side was imprinted with
meshed structures at the center. The curved side was pre-
pared with a smooth surface. The laser beam entered the
sample on the curved side in a normal incident angle and
aimed at the meshed surface. Therefore, the beam was not
deflected by the surface and the Fresnel loss can be mini-
mized and fixed without varying with angles. We launched
the laser beam and observed the luminance on the surfaces.
As the incident angle is larger than the critical angle of TIR,
the meshed surface is obviously much brighter than the flat
FIG. 1. Schematic illustration of optical ray trajectories in a thin film a
without and b with a mesh on the surface.
FIG. 2. Scanning electron micrograph of a fabricated meshed surface on
PDMS film. The upper image shows the cross section of the surface.
FIG. 3. Transformation progress of PDMS nanowires in a cross-sectional
view. The original nanowire array turns into disordered meshed structures
during fabrication.
FIG. 4. Color online a Schematic drawing of the tested sample. The light
extraction was compared according to surface brightness as the laser beam
impinges on b the flat surface and c the meshed surface of the tested
samples.
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surface. The experimental images are shown in Figs. 4b
and 4c.
To quantitatively analyze the outcoupling efficiency, we
varied the incident angle of the laser beam and measured the
transmitted power emitting from the meshed surface. Since
the laser beam could be scattered into various angles by the
surface, an integrating sphere connected with a power meter
was used for collecting total radiation. The measured optical
transmission is plotted in Fig. 5. Two wavelengths of 532 nm
green and 650 nm red were used in this experiment, and
the result shows that only slight differences are observed on
the transmission curves of these two wavelengths. Thus, the
outcoupling efficiency is insensitive to optical wavelength.
In addition, because small reflection 3.37%  occurs on
the curved side, the optical transmission can be considered a
result of single incident. The optical transmission only main-
tains a high level for small incident angles on the flat surface
but abruptly decreases as the angle becomes larger than
43.26°, which is the critical angle of TIR for PDMS. On the
contrary, the transmission gradually decays with incident
angles on the meshed surface although the transmission is
relatively lower for normal incident. It may result from the
textured surface that induces more backscattering in the nor-
mal direction.
In order to investigate the light-extraction efficiency on
a real device, two OLEDs with layers of indium fix
oxide 100 nm /Alq350 nm/N ,N-bis-1-naphthyl-N ,N-
diphenyl-1 ,1-biphenyl-4 ,4-diamineNPB40 nm /
CuPc15 nm /Mg:Ag200 nm were simultaneously fabri-
cated on a glass substrate. One OLED was glued to a thin
PDMS sheet with meshed surface on the back side via epoxy
with refraction index of 1.4–1.7, while the other was not.
The diameter of each OLED is 0.5 cm and the thickness of
the PDMS film is 1 mm. These two OLEDs can be individu-
ally lit by applying a voltage of 15 V. Figure 6 shows images
of the two lit OLEDs. The lighting area of the OLED with
the meshed surface slightly expands, in agreement with the
fact that the waveguide mode can escape from the glass as
well as the PDMS substrate. The factor of outcoupling en-
hancement is defined by
g =
Lmeshed − Lplate
Lplate
 100 % , 1
where Lmeshed and Lplate are the total luminescences of
meshed-surface and plate-glass OLEDs. The outcoupling en-
hancement was calculated to be 46.09% ±8.85% according
to Eq. 1. Because emitted light has to go through the epoxy
film between the glass and the PDMS, extra Fresnel losses
between glass/epoxy and epoxy/PDMS interfaces were also
included in the measurement.
In conclusion, we have demonstrated the light-extraction
enhancement of meshed surfaces fabricated on a PDMS sub-
strate. The outcoupling coefficient of OLEDs with this
meshed structure enhances up to 46%. In addition, the ex-
perimental result shows that the outcoupling eficiency is in-
sensitive to optical wavelength. This property is beneficial to
preserve the color spectrum of light-emitting devices. A sa-
lient feature of this technology is that PDMS meshed sur-
faces can be fabricated separately and laminated on the
large-area glass substrate of organic electroluminescent de-
vices.
The authors thank Chien-Hong Cheng and Shen-Yu Hsu
for their technical assistances.
1R. Windisch, C. Rooman, S. Meinlschmidt, S. Meinlschmidt, P. Kiesel, D.
Zipperer, G. H. Döhler, B. Dutta, M. Kuijk, G. Borghs, and P. Heremans,
Appl. Phys. Lett. 79, 2315 2001.
2M. K. Wei, I. L. Su, Y. J. Chen, M. Chang, H. Y. Lin, and T. C. Wu, J.
Micromech. Microeng. 16, 368 2006.
3C. Adachi, M. A. Baldo, M. E. Thompson, and S. R. Forrest, J. Appl.
Phys. 90, 5048 2001.
4M. H. Lu and J. C. Sturm, J. Appl. Phys. 91, 595 2002.
5M. Kitamura, S. Iwamoto, and Y. Arakawa, Jpn. J. Appl. Phys., Part 1 44,
2844 2005.
6T. Yamasaki, K. Sumioka, and T. Tsutsui, Appl. Phys. Lett. 76, 1243
2000.
7S. Moller and S. R. Forrest, J. Appl. Phys. 91, 3324 2002.
8T. Tsutsui, M. Yahiro, H. Yokogawa, K. Kawano, and M. Yokoyama, Adv.
Mater. 13, 1149 2001.
9H. J. Peng, Y. L. Ho, X. J. Yu, and H. S. Kwok, J. Appl. Phys. 96, 1649
2004.
10T. Nakamura, N. Tsutsumi, N. Juni, and H. Fujii, J. Appl. Phys. 96, 6016
2004.
11X. Wang and G. R. Han, Microelectron. Eng. 66, 166 2003.
FIG. 5. Color online Measured optical transmission vs incident angles.
The dash and solid curves represent the surfaces with and without the mesh,
respectively. Transmission curves were based on wavelengths of 532 nm
 and 650 nm .
FIG. 6. Color online Pictures of OLEDs a with and b without a meshed
structure when 15 V was applied at those devices.
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